Abstract. Headwater ecosystems may have a limited threshold for retaining and removing nutrients delivered by certain types of land use. Nitrogen enrichment was studied in a Rocky Mountain watershed undergoing rapid expansion of population and residential development. Study sites were located along a 30-km transect from the headwaters of the Blue River to Lake Dillon, a major source of drinking water for Denver, Colorado. Ground water in residential areas with septic systems showed high concentrations of nitrate-N (4.96 Ϯ 1.22 mg/L, mean Ϯ SE), and approximately 40% of wells contained nitrate with ␦ 15 N values in the range of wastewater. Concentrations of dissolved inorganic nitrogen (DIN) in tributaries with residential development peaked during spring snowmelt as concentrations of DIN declined to below detection limits in undeveloped tributaries. Annual export of dissolved organic nitrogen (DON) was considerably lower in residential streams, suggesting a change in forms of N with development. The seasonal ␦ 15 N of algae in residential streams was intermediate between baseline values from undeveloped streams and stream algae grown on wastewater. Between 19% and 23% of the annual N export from developed tributaries was derived from septic systems, as estimated from the ␦ 15 N of algae. This range was similar to the amount of N export above background determined independently from mass-balance estimates. From a watershed perspective, total loading of N to the Blue River catchment from septic and municipal wastewater (2 kg·ha Ϫ1 ·yr Ϫ1 ) is currently less than the amount from background atmospheric sources (3 kg·ha Ϫ1 ·yr Ϫ1 ). Nonetheless, nitrate-N concentrations exceeded limits for safe drinking water in some groundwater wells (10 mg/L), residential streams showed elevated seasonal patterns of nitrate-N concentration and ratios of DIN to total dissolved phosphorus, and seasonal minimum concentrations of nitrate-N in Lake Dillon have increased exponentially to 80 g/L over the last decade from an initial value near zero. Results suggest that isotopic ratios in autotrophs can be used to detect and quantify increases in N enrichment associated with land use change. The biotic capacity of headwater ecosystems to assimilate increases in inorganic N from residential development may be insufficient to prevent nitrogen enrichment over considerable distances and multiple aquatic ecosystems downstream.
INTRODUCTION
Changes in land use are occurring at an accelerated rate throughout many regions of North America, including headwater ecosystems, which contain some of the fastest growing populations within the United States. Watersheds in these areas often contain critical habitat for biota and are used by humans for recreation and as supplies of drinking water (Jackson et al. 2001 , Messerli 2004 . The balance between these demands is sometimes controversial and can be of great environmental and economic consequence (e.g., Lewis et al. 1984 , Byron and Goldman 1989 , Daily and Ellison 2001 , Korner 2004 ).
Because of concerns regarding deterioration of habitat and ecosystem services, much work has examined the effects of nutrient enrichment from atmospheric deposition on headwater areas (Lewis et al. 1984 , Baron et al. 1994 , Sickman et al. 2003 , Likens 2004 . The effects of atmospheric N pollution originating from power plants, vehicles, and agricultural and urban sources include stimulation of primary production (Wolfe et al. 2002) , alteration of biotic communities (Baron et al. 2000 , Wolfe et al. 2001 ), reduced quality of drinking water (Williams et al. 1996, Williams and Tonnesson 2000) , and propagation of increased amounts of inorganic N through aquatic ecosystems (Baron et al. 1994 , Williams et al. 1996 .
Although less recognized, rapid increases in tourism and residential and suburban development of headwater areas may also lead to considerable nutrient enrichment in the eastern and western United States (Lewis et al. 1984 , Byron and Goldman 1989 , Daily and Ellison 2001 . There can be substantial processing of inorganic N within low order streams (Alexander et al. 2000 ), but there also may be thresholds beyond which uptake and removal of inorganic N can decrease in these systems (Dodds et al. 2002 , Mulholland et al. 2002 similar to terrestrial environments (Aber et al. 1989 , Baron et al. 1994 . As resident populations increase, it becomes unclear how much development can proceed before the capacity of an ecosystem to retain and remove nutrients diminishes (e.g., Wernick et al. 1998) .
Headwater streams experiencing residential development may be particularly susceptible to N enrichment. Changes in land use can be concentrated in riparian areas and valleys, which are particularly important for controlling N transport to aquatic systems. Increasing discharges from septic systems and small wastewater treatment plants can also bypass areas of biological uptake and transformation in soils; fixed N then may directly enter ground water, streams, and lakes during times of year when biological activity is low. Concentrations of N can be considerably greater in headwater streams surrounded by low residential and suburban land use (particularly in areas without sewer systems) than in urban streams, and they may even be comparable to N concentrations in agricultural streams (Groffman et al. 2004) . Residential development has the potential to alter proximity, forms, and seasonal patterns of nitrogen sources. Modest levels of N enrichment from development may have disproportionately large effects on the N dynamics of headwater ecosystems, but this has been less explored at the landscape scale.
Quantification of the transport of anthropogenic N from changes in land use has relied primarily on estimates and models derived from mass-balance (Lewis et al. 1984 , Howarth 1998 , Caraco and Cole 1999 . Mass-balance models offer the most direct way to measure the influence of a nutrient source on water quality, but do not allow sources to be discriminated along flow paths. Use of the isotopic signature of nitrogen as a natural tracer has the capability to allow for discrimination between N sources, and therefore has received much attention in studies of N pollution (Kohl 1971 , Cabana and Rasmussen 1996 , McClelland and Valiela 1998a , Wolfe et al. 2003 .
Isotopic methods have worked well in identifying contributions of nitrogen derived from wastewater in some aquatic environments (e.g., Cabana and Rasmussen 1996 , McClelland et al. 1997 , McClelland and Valiela 1998a . Nitrate in domestic wastewater typically has 15 N values between ϩ10 to ϩ20 (e.g., Kreitler and Browning 1983 , Aravena et al. 1993 , McClelland et al. 1997 , whereas nitrate in stream water influenced by atmospheric deposition typically has ␦ 15 N values ranging from Ϫ4 to ϩ6 (Burns and Kendall 2002, Campbell et al. 2002) . Use of the N isotope approach has been less effective in other environments due to preferential loss of 14 N during denitrification and enrichment of ␦
15
N in the remaining pool of nitrate (Brandes et al. 1996 , Kellman and Hillaire-Marcell 1998 , Panno et al. 2001 , Ostrom et al. 2002 . Consequently, careful assessment of background transformations (Handley and Scrimgenour 1997 , Kellman and Hillaire Marcel 2002 , Bedard-Haughn et al. 2003 ) and baseline ␦ 15 N (Vander Zanden and Rasmussen 1999 , McCutchan and Lewis 2001 ) may be necessary before using the isotope approach to delineate sources of N within watersheds.
The possibility of using ␦ 15 N of dissolved nitrate and autotrophic biomass as a semiquantitative indicator of N status has been explored (McClelland and Valiela 1998a , Burns and Kendall 2002 , Stewart et al. 2002 . Use of the technique in a quantitative manner is hypothetically possible, but the efficacy of this approach has remained virtually untested (Kendall 1998, Kellman and Hillaire-Marcell 2002) . It may be particularly well suited in headwater environments where baseline isotopic transformations during each season can be characterized in undeveloped watersheds (McCutchan and Lewis 2001) , and isotopic fractionation between N sources and primary producers may be minimal under natural and moderately disturbed conditions (Wolfe et al. 2001 , Savage and Elmgren 2004 .
For the present study, contributions of nitrogen from residential wastewater to a montane river in Colorado were quantified independently by mass balance and by N isotope ratios in stream algae. Although seldom compared, stable isotope and mass balance approaches in combination may be useful in examining the effects of land use change on sources and fates of N from anthropogenic sources. A primary objective was to explore the effects of residential expansion and suburban development on sources, forms, and seasonal patterns of nitrogen across multiple headwater ecosystems (groundwater, streams, and lake). A secondary objective was to test the ability of stream autotrophs to record and quantify contributions of N from changes in land use before increased enrichment could cause substantial changes in biological communities and deterioration of water quality. The isotopic signature of autotrophic biomass may provide a rapid and inexpensive method for identifying and quantifying major sources of N to surface waters used for human consumption, recreation, and habitat. Study sites were located along a transect from the headwaters of the Blue River near the continental divide in Summit County, Colorado, to Lake Dillon, a major source of drinking water for Denver, Colorado (Fig. 1, Plate 1) .
METHODS

Site description
The Blue River watershed is located approximately 70 miles west of Denver, Colorado, in Summit County, which is among the fastest growing counties in the United States (data from the U.S. Census Bureau in Bedrock in the Blue River watershed is composed primarily of igneous and metamorphic rock of Precambrian age on mountain slopes. Glacial deposits are prevalent near valley bottoms (Lewis et al. 1984) . Soils are cryoboralfs in forested areas and are gravelly loams in valleys (data from the Summit County Soil Survey in 1980). Vegetation below tree line consists of pinespruce-fir communities on slopes and willow and aspen groves in riparian areas.
The hydrographs of small streams in Summit County are strongly controlled by snowmelt (e.g., , Kaushal and Lewis 2003 , which produces a peak of discharge in June. The watersheds have a brief growing season (April through September); water temperature and flow decline to their lowest levels during winter months. Nitrate-N is the dominant form of inorganic N (Lewis et al. 1984) , and dissolved organic nitrogen (DON) is the most abundant form of N in minimally disturbed streams of Summit County (Kaushal and Lewis 2003) .
Sampling design
Sampling design involved a combination of approaches using both synoptic and comparative sampling of watersheds. Flow of nitrogen across multiple aquatic systems was characterized by use of a 30-km transect of the Blue River including groundwater, streams, and Lake Dillon. All sites along the Blue River were located in the forested, subalpine zone with sites having similar soils and vegetation but differing in elevation. Three replicate watersheds located at subalpine and alpine elevations throughout Summit County also were used for comparative purposes.
Two residential sites of the Blue River were chosen for measurements of N export and isotopic ratios in algae (Table 1) . Groundwater and wastewater also were taken from areas near residential sites for characterization of N isotope ratios (Fig. 1) . The residential sites are forested except in some areas that have been cleared for development. Many homes in the drainage are used primarily during winter and spring months, when population increases from 8833 to 59 819 residents (J. Vest, personal communication) . Towns are sewered, but residential developments outside of towns use septic systems. The first residential site, BR1, drains an area with 1456 septic systems, and the second residential site, BR2, drains an area with 408 septic systems (Summit County Department of Health, unpublished data). In addition to septic discharge, BR1 may have received some effluent from a small wastewater treatment plant that went into operation after the first year of the study, but hydrology downstream of the treatment plant involves subsurface flow paths and some blockage of hydrologic connectivity with the main channel due to historical mining in the region. Most of the wastewater from Breckenridge, Colorado (3 million gallons per day or 11.35 ϫ 10 6 L/d), however, is treated and discharged through a diversion channel directly to the lake below the study sites (Breckenridge Sanitation District, unpublished data) . BR2 has no municipal wastewater treatment plants located above it, and receives wastewater only from septic systems. Two unpopulated watersheds in the upper Blue River drainage were chosen for measurement of background N exports as determined by mass balance and seasonal N isotopic ratios. Three additional undeveloped watersheds spread throughout the Lake Dillon watershed were also chosen to characterize background N isotopic ratios for both subalpine and alpine locations. Concentrations of nitrate-N were measured in surface water at the center of Lake Dillon (Fig. 1) .
N loading
Annual wastewater contributions of N were compared for residents on septic systems and for all residents in the watershed of the upper Blue River. The mean annual rate of use was assumed to be 1.79 people per septic system (similar to Valiela et al. 1997) ; this rate reflects use on weekends or during one season of the year, which is typical of ski areas. A compilation of literature values indicates that individuals release a mean of 4.8 kg N/yr . Contributions of nitrogen from the septic systems to BR1 and BR2 were calculated from the number of septic systems in each segment, the rate of use, and the amount of nitrogen produced per person each year. In a similar manner, the total amounts of nitrogen from domestic waste (now including both septic and treated effluent) within the watershed were estimated from population data for permanent residents and residents of second homes (data from the Summit County Planning Department). Residents of second homes were assumed to contribute waste over a three-month period. Seasonal change in skier activity was represented by changes in the wastewater outflow obtained from data collected by a local ski resort located on Copper Mountain, Colorado (Copper Mountain Resort, unpublished data). Although estimates of total generation of domestic waste based on population data is common (Valiela et al. 1997, Caraco and Cole 1999) , some uncertainty in our analysis of N loading may exist due to differences in relative usage rates by residents.
N export
Samples of stream water were collected from the residential sites on septic (BR1 and BR2) and background reaches (BR3 and BR4) weekly (May to August) or biweekly (September to April) beginning in June 1999 and ending June 2000. Water also was col-lected at the same intervals during the winter and spring of 2002. Samples were stored in a dark cooler pending transport to the laboratory where they were filtered within 12 h of collection (using Whatman GF/F filters; nominal pore size 0.7 m), and frozen until analysis.
Ammonium was determined colorimetrically by a modified Solorzano method involving the production of indophenol blue (Grashoff 1976) . Nitrate was measured with an ion chromatograph, and TDN was measured by chemical oxidation with potassium persulfate (modified from Valderrama 1981) and subsequent determination of NO 3 Ϫ by ion chromatography (Davi et al. 1993) . DON was calculated as the difference between TDN and dissolved inorganic N. Total dissolved P (TDP) was determined by modification of oxidation methods described by Lagler and Hendrix (1982) and Valderrama (1981) .
Annual transport of nitrogen was estimated from data on concentration and discharge in 1999-2000. Discharge at BR1 was obtained from USGS gage data. Discharge was estimated for BR2, BR3, and BR4 on the basis of current velocity as measured with a flow meter weekly (May-August) and biweekly (September-April) (Kaushal and Lewis 2003) . Export was calculated according to Kaushal and Lewis (2003) and expressed per unit of watershed area (kg·ha Ϫ1 ·yr Ϫ1 ). Export of nitrogen in undeveloped watersheds is strongly related to water yield per unit area (Lewis et al. 1999 . Water yield per unit area (specific runoff) decreases with decreasing elevation on the Blue River because smaller watersheds at higher elevations receive more precipitation per unit area than larger watersheds (Lewis et al. 1984 , Smith et al. 2003 . Therefore, differences in water yield between watersheds were standardized by dividing solute yield by water yield to allow comparison of N exports between the study sites, which differed in elevation and precipitation. Standardization is necessary for comparing N concentrations and yields across watersheds because concentrations and yields are strongly influenced by amount of water yield for a given watershed (Lewis et al. 1999) , and large variation in N export can result over short distances in many regions due to elevationrelated variation in runoff (Smith et al. 2003) .
Characterization of ␦ 15 N for autotrophs, groundwater, and wastewater
Forty samples of algae were collected from the two residential segments and a total of 34 samples of algae were collected from the five streams draining undeveloped watersheds (Fig. 1) . Dates and locations of collection are presented in Table 1 . At least one week was allowed to elapse between collections at a given site. The isotopic signature of wastewater was characterized by growth of five cultures of stream-derived algae on effluent obtained from septic tanks and wastewater facilities on the Blue River.
A filamentous alga, Ulothrix zonata, was the most common species collected from the sampling sites. Algal filaments were rinsed with water to remove fine particulate material and were picked clean under magnification Lewis 2001, 2002) . At certain times of the year when Ulothrix was not present in the streams, epilithic material was scrubbed from the upper surfaces of rocks. Algal cells were isolated from other components of the epilithon by centrifugation through colloidal silica and were collected on glass fiber filters (Hamilton and Lewis 1992 , Hamilton et al. 2001 , McCutchan and Lewis 2002 . All samples of algae were lyophilized and stored in a desiccator until they were analyzed.
Four-liter samples of groundwater were collected from 19 wells during the spring of 1999 for isotopic characterization of nitrate. Groundwater wells were of shallow depth (Ͻ100 m) and were located in yards adjacent to residences. All of the sampled wells served as the domestic water supply for households. For each sample of groundwater, isotopic enrichment due to denitrification was estimated. As nitrate is converted to dinitrogen through denitrification, isotopic discrimination against 15 N results in enrichment of the remaining nitrate pool, according to Rayleigh fractionation as follows: ␦t ϭ ␦ tϭ0 ϩ (ln[C t /C tϭ0 ]) (Kellman and Hillaire-Marcel 2002) , where ␦t and ␦ tϭ0 represent the isotopic composition of the nitrate pool at time t and time t ϭ 0, C t and C tϭ0 are the concentrations of NO 3 Ϫ at time t and time t ϭ 0, and is the isotopic enrichment factor for denitrification, which is related to the isotopic fractionation factor (␣), by ϭ (␣ Ϫ 1) ϫ 10 3 . A conservative discrimination factor of ␣ ϭ 1.04 was taken from existing literature (Yoshinari and Koike 1994, Bedard-Haughn 2003) , which may have underestimated the fraction of nitrogen derived from wastewater.
Fifty-liter samples of stream water were collected along with algae on five dates so that ␦ 15 N of algal cells could be compared with ␦ 15 N of nitrate in stream water. The ␦ 15 N of nitrate in stream water and ground water was analyzed after extraction of nitrate with anion exchange resins and further concentration of this nitrate by lyophilization (Wassenaar 1995 , Kellman and Hillaire-Marcel 1998 , Silva et al. 2000 . Isotope ratios of algae were determined with a continuous-flow, isotope ratio mass spectrometer and an elemental analyzer that converted organic N into N 2 gas. Isotope ratios of nitrate in ground water and stream water were determined similarly.
Nitrogen isotope ratios of algae were used to infer the proportion of wastewater N in residential streams by use of a mixing model (Debruyn and Rasmussen 2002) :
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where ␦X is the isotopic ratio of algae (in residential streams, grown on wastewater, or taken from background streams); P wastewater is the proportion of wastewater N assimilated by the algae; and F is the isotopic shift between inorganic N and algal biomass (grown on wastewater or taken from streams under background conditions). The isotopic shift for algae was determined by comparing the ␦ 15 N of algae with ␦ 15 N of nitrate (which makes up about 90% of DIN) dissolved in stream water and wastewater under field conditions. In addition to inorganic N, algae may also assimilate certain forms of organic N (Antia et al. 1991) leading to some error in characterizing the ␦ 15 N of nitrate, but the magnitude of organic N uptake by stream autotrophs is currently not well known.
Annual transport of DIN derived from wastewater was determined by methods similar to those described earlier using proportions of N from wastewater on sampling dates, concentrations of nitrate-N in stream water, and measurements of discharge. In streams of the residential areas, seasonal patterns in concentrations of inorganic nitrogen were different than in streams under background conditions. Tourist activity peaked in February, and was reflected in the volume of wastewater generated by a nearby ski resort (Fig. 3A) . Concentrations of DIN in streams of residential areas upstream of ski resorts followed a similar pattern (Fig. 3A, B) ; they were highest during winter months, peaked at the end of the tourist season, and remained elevated throughout the growing season. DIN in background streams showed no peaks during spring and sustained very low concentrations (sometimes Ͻ5 g/L) throughout the growing season. During the growing season, the N:P ratio in streams of residential areas increased rapidly because of high DIN. The N:P ratio of streams in undisturbed watersheds declined below the Redfield Ratio (Fig. 3C) , suggesting potential nutrient limitation by inorganic N. Concentrations of total dissolved phosphorus in all streams were typically very low (Ͻ10 g/L) and showed little seasonal variation.
The ␦ 15 N of epilithic algae was strongly related to the ␦ 15 N of nitrate in stream water and appeared to follow a relationship similar to data from Harrington et al. 1998 (Fig. 4A) . The slope of this relationship was not significantly different from 1, suggesting that the fractionation factor appeared to be very low under field conditions. The baseline ␦ 15 N of algae in control streams showed a small but statistically significant decrease during the growing season (t test, P ϭ 0.036). Mean 15 N during the growing season was 1.05 (SE ϭ 0.33) and mean ␦ 15 N during the dormant season was 2.08 (SE ϭ 0.33). The ␦ 15 N of algae at the residential sites was consistently above baseline values but below the mean value of 17.1 (SE ϭ 3.06) for algae grown on wastewater (Fig. 4B and C) . The ␦ 15 N of algae in streams of residential areas peaked during the tourist season, as did DIN, and remained high throughout the growing season.
Isotopic estimates of nitrogen derived from wastewater varied seasonally in streams of residential areas (Fig. 5) . The percentage of wastewater N was greatest during the tourist season and declined during snowmelt. Peak values were 25% for BR1 and 56% for BR2 during winter months of 1999. Much of the mass transport of wastewater N occurred during spring snowmelt. Daily maxima were greater in 1999 than in 2002, which was an especially dry year. During 1998 During -1999 of the nitrate-N export was derived from residential wastewater at BR1 and 23% of nitrate-N export was derived from residential wastewater at BR2.
Estimates of N contributions from isotope studies in 1999 were compared with mass-balance data for 2000, which showed similar hydrologic conditions. Organic nitrogen was the most abundant form of nitrogen exported from both residential and undeveloped sites (Table 2), but DIN comprised a greater proportion of the total N export from residential sites. Annual export of total N was approximately 7% greater than background at BR2 and within the range of background at BR1, after adjustment for differences in runoff between sites. Annual export of DIN was approximately 32% greater than background at BR2 and 24% greater than background at BR1, after adjustment for differences in water yield. Estimates from isotopic measurements were between the two bounds for inorganic N and total N determined independently from mass-balance estimates of export.
The population of the upper Blue River watershed is projected to increase by 2010, and peak population in this area is strongly influenced by the number of residents living in second homes (J. Vest, personal communication; Fig. 6A erated by domestic waste delivered from both septic systems and treatment plants are also increasing (Fig.  6B) . On an areal basis, nitrogen loading associated with total domestic waste (2 kg·ha Ϫ1 ·yr Ϫ1 ) is approaching the contribution of nitrogen from background atmospheric sources (3 kg·ha Ϫ1 ·yr Ϫ1 ); if short-term skiers and vacationers are considered, the differences between these sources would be smaller. By 2010, N loading from domestic waste is expected to exceed to atmospheric N loading. In a similar manner, concentrations of nitrate-N in Lake Dillon have been steadily and significantly (P Ͻ 0.05) increasing over the last decade despite yearly variability in hydrologic conditions (Fig.   6C ). Minimum concentrations during the growing season have increased exponentially from a previous baseline below the detection limit to values approaching those of the Blue River and ground water in upper segments of the watershed (Fig. 6D) .
DISCUSSION
The results of this study suggest that considerable portions of the Blue River watershed are enriched with N derived from domestic waste. Over both years of study, concentrations of inorganic N in stream water of residential areas were high throughout growing seasons (50-400 g/L), which can be an indicator of N availability exceeding biological demand (Aber et al. 1989 , Williams et al. 1996 . In contrast, concentrations of DIN in streams of undeveloped watersheds declined below detection (Ͻ5 g/L) during the growing season. In the absence of disturbance, concentrations of nitrate in streams of this region of Colorado are typically near or below detection limits during the growing season due to low rates of atmospheric N deposition (Lewis et al. 1984 , Stottlemeyer et al. 1997 , Kaushal and Lewis 2003 .
During winter base flow, isotopic estimates indicated that approximately 15-60% of nitrate-N in stream water was derived from dispersed sources of wastewater. Mass transport of wastewater N increased markedly during spring runoff and remained high throughout the LAND USE CHANGE AND NITROGEN ENRICHMENT growing season. This is to be expected because N released by septic systems is carried to streams in proportion to the amount of water percolating through the soil (Lewis et al. 1984) . Estimates of wastewater contributions based on export and on isotope data were similar and were within the range previously reported by Lewis et al. (1984) for other watersheds of this drainage, which vary in annual runoff and density of residents.
From the perspective of mass transport, there was only a small increase in annual DIN export from residential watersheds after standardizing for elevational differences in runoff. This may be expected because the rate of loading compared to background atmospheric sources was relatively low and there is potential for in-stream processing and retention across drainage networks (Howarth 1998 , Alexander et al. 2000 . We observed strong localized effects of land use change, however, and they appeared to be most pronounced during base flow conditions (when less mass transport occurs). Concentrations of nitrate-N exceeded limits for safe drinking water (10 mg/L) in some wells; also, residential streams showed elevated concentrations of nitrate-N and DIN:TDP ratios, ␦ 15 N was elevated in ground water and stream autotrophs, and there have been significant increases in nitrate-N concentrations during growing seasons in Lake Dillon over the past decade. The balance between retention and export of excess N may be influenced by the proximity of nutrient sources and timing of N delivery associated with changes in land use (Alexander et al. 2000) . Geographic concentration of relatively low amounts of N enrichment to valleys near streams may be important in influencing the N status of surface waters, particularly when the capacity for in-stream or near-stream processes in headwaters to take up or remove N are exceeded during certain times of year (Baron et al. 1994) . In this way, aquatic systems may develop conditions similar to the ones proposed by the concept of N saturation, which has been widely applied to understanding how human activities have altered N cycling in terrestrial ecosystems (Aber et al. 1989 , Baron et al. 1994 , Williams et al. 1996 .
In Summit County, the rate of loading and timing of N release from residential development and suburban growth have been sufficient to cause elevated concentrations of DIN in streams and Lake Dillon. This pattern differs from related work in undeveloped mountain watersheds demonstrating shifts in export of predominantly DIN in higher elevation headwaters to DON at lower elevations (Hood et al. 2003) . N enrichment can lead to increases in the DIN:DON ratio in some streams due to the diminished capacity of organisms to assimilate N and increases in the release of inorganic N from developed watersheds (Caraco and Cole 1999, Williams et al. 2001 ). Higher concentrations of inorganic N relative to organic N also have been observed in other headwater streams experiencing dispersed residential and suburban development (Groffman et al. 2004) . DON was still relatively abundant in developed streams of the present study, but these streams, which were not fully serviced by sewers, may show increased propagation of inorganic N relative to organic N in surface waters due to contributions of DIN from deeper ground water and decreased processing and transformation of DIN in streams and riparian zones that are incised or channelized (Groffman et al. 2002) . Work in minimally disturbed watersheds has shown that streams may act as transformers of DIN to DON on a seasonal basis (Kaushal and Lewis 2005) , but the effects of land use change on the balance between production and consumption of organic N in surface waters deserves further attention.
Changes in the proximity, timing, and form of N entering aquatic systems due to residential development may be expected to affect ecological responses of biotic communities. Previous work has shown that some stream organisms preferentially assimilate nutrients derived from sewage (DeBruyn and Rasmussen 2002) , and nitrogen from wastewater can be cycled at different rates through aquatic food webs due to shifts in primary producers (McClelland and Valiela 1998b) . Other work at higher trophic levels has described changes in the community composition and diversity of secondary consumers in response to N enrichment (Tate and Heiny 1995) . In mountain watersheds, changes in the duration of N delivery may cause changes in the duration of peaks in biotic activity. Such changes may be particularly important in aquatic systems of mountain regions where primary and bacterial production has been limited by inorganic nitrogen during parts of the growing season (e.g., Goldman et al. 1993 , Morris and Lewis 1988 , Interlandi and Kilham 1998 . Dissolved organic N is an important biotic source of N in some minimally disturbed streams of the Colorado Rockies, where rates of N enrichment from anthropogenic sources are low (Kaushal and Lewis 2005) . A switch in the absolute and relative abundance of inorganic versus organic sources of N due to changes in land use may influence the overall lability of N pools transported in surface waters, the metabolic activity of microbial communities, and the structure of food webs (Baron et al. 2000 , Pace and Cole 2000 , Kaushal and Lewis 2005 .
Typical delivery of septic wastewater in mountain watersheds may involve minimal contact with soil, where N can be assimilated (Fisk et al. 1998) , lost through denitrification (Groffman et al. 2002) , or adsorbed onto soil particles. Septic systems in montane environments deliver nitrogen to thin soils and shallow groundwater, and much of the N enrichment occurs at a time when biotic activity is low. Aquatic ecosystems of these areas may be less effective at removing excess nitrogen due to low temperatures, rapid hydrologic flushing, and low rates of hydrologic exchange with sediments (e.g., Baron et al. 1994 ). Hydrologic connectivity also may effectively facilitate delivery and redistribution of nitrogen from anthropogenic sources over large spatial scales (Pringle 2001) .
Elevated concentrations of nitrate-N in the center of Lake Dillon demonstrate that N from wastewater may travel over considerable distances and across multiple aquatic ecosystems without being assimilated or removed. Concentration of nitrate-N in the last few years of the water chemistry record may have been influenced by severe drought in Colorado, although other work has shown that concentrations of nitrate-N in the streams of Summit County did not change during this time period (Kaushal and Lewis 2005) . The exponential increase in seasonal nitrate-N minima of Lake Dillon over the entire decade suggest that the watershed and its streams have little capacity to reduce increases in N loading. Further work will be necessary, however, to determine which types of headwater and mountain ecosystems are most susceptible to development based on terrain and land cover (Baron et al. 1994 , Clow and Sueker 2000 , Groffman et al. 2004 and interactions between climate change, land use, and water quality.
The contribution of atmospheric deposition to N enrichment has received considerable attention in the Colorado Rockies (Baron et al. 1994 , Williams et al. 1996 , Baron and Campbell 1997 and in other mountain watersheds (Goodale et al. 2000 , Lovett et al. 2000 , Sickman et al. 2002 , Likens 2004 . N enrichment from atmospheric sources can lead to elevated concentrations of nitrate-N in surface waters (Baron et al. 1994 , Williams et al. 1996 and biological changes in autotrophic and heterotrophic communities (Baron et al. 2000 , Wolfe et al. 2001 . The expected ecological effects of increasing N enrichment from domestic waste in headwater ecosystems may be similar, but changes in ecosystem level processes and the composition of biological communities due to widespread residential and suburban development are currently less known. Nitrate is a biotically available component of wastewater, and it is assimilated until a saturation point is reached. Other unregulated compounds in wastewater such as caffeine, cholesterol, and detergents may be transported along with nitrate, but their fate in surface waters is currently unknown (Kolpin et al. 2002) . Identification of N sources may be useful in indicating the influence of wastewater on major supplies of drinking water in rapidly developing watersheds.
N from point sources is relatively simple to detect, but detection of N from dispersed, nonpoint sources is much more difficult. Nonpoint sources have received increased attention from federal regulators (U.S. Environmental Protection Agency 2000) . In the present study, rates of denitrification may have altered concentrations of nitrate-N in ground water but appeared to have little effect on isotopic composition of N based on Rayleigh fractionation. It is possible that there was error in our analysis based on limited number of samples from septic systems, which may show both temporal and spatial variability in concentration of NO 3 Ϫ -N and ␦ 15 N. Our measured values for ␦ 15 N of waste water, however, appeared to be within the range reported from previous studies (Cabanna and Rasmussen 1996 , McClelland et al. 1997 , McClelland and Valiela 1998a .
Results from the present study suggest that N isotope signatures in stream algae have the potential to support quantification of N from nonpoint sources of wastewater. The isotopic signature of algal ␦ 15 N from residential streams was higher than background ␦ 15 N of algae from undeveloped, forested sites of this study and other Colorado streams Lewis 2001, 2002) . Use of isotope techniques may work well in mountain watersheds, especially when there is a large separation in isotopic signatures (15‰ in the present study) between the pollution source and background sources. Seasonal oscillations in background ␦ 15 N due to denitrification and uptake may be quantified by sampling streams in undeveloped watersheds of headwater ecosystems. Seasonal changes in ␦ 15 N are relatively small, but involve a decline in ␦ 15 N during snowmelt (McCutchan and Lewis 2001 , Campbell et al. 2002 . Previous work has indicated that isotope ratios in marine Valiela 1998a, Savage and Elmgren 2004) and terrestrial autotrophs (Stewart et al. 2002 ) also reflect signals from pollution sources integrated over time. There may be minimal fractionation between primary producers and in situ sources of N in aquatic environments (Harrington et al. 1998 , Wolfe et al. 2003 , Savage and Elmgren 2004 under natural conditions of growth (Goericke et al. 1994) . Few data exist on simultaneous measurement of the ␦ 15 N of nitrate and autotrophic biomass in small streams (but see Harrington et al. 1998) , and although the fractionation factor appears to be low using combined data from the present study and Harrington et al. (1998) , it is likely not zero. The importance of isotopic fractionation of N by autotrophs may increase in streams with warmer temperatures, greater light availability, and higher concentrations of DIN. In practice, it may be best to use a combination of mass balance and isotope approaches Hillaire-Marcel 2002, Bedard-Haughn et al. 2003) . Isotopic ratios of aquatic autotrophs can be useful in identifying changes in sources of N due to wastewater (McClelland and Valiela 1998a , Savage and Elmgren 2004 , Steffy and Kilham 2004 . Stream algae may also allow quantitative use of the isotope technique, but this approach should be tested in other watersheds with varying physical characteristics and nutrient status.
Much of the world's population relies on water originating from mountain areas for human consumption and agriculture (Food and Agriculture Organization of the United Nations 2003, Messerli 2004) . The level of development and land use change is increasing in headwater ecosystems around the world (Lewis et al. 1984 , Daily and Ellison 2001 , Korner 2004 , and relatively modest levels of nutrient enrichment may lead to cascading effects on large supplies of water further downstream, particularly on a seasonal basis. Isotope ratios in stream algae may provide a rapid and effective means of directly quantifying N from pollution sources at low levels before increased enrichment can cause substantial changes in biological communities and deterioration of water quality. The present study suggests that the biotic capacity of headwater ecosystems (ground water, streams, and lakes) to attenuate inorganic N from dispersed sources and residential development and suburban growth may be minimal.
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